ABSTRACT Anomalous origin of the left coronary artery from the pulmonary trunk (ALCA) remains a diagnostic as well as a therapeutic problem. The purposes of this study were: (1) to analyze left ventricular mechanics, including regional wall motion, in infants with ALCA, (2) to determine if the pattern of wall motion in infants with ALCA distinguishes these patients from those with congestive cardiomyopathy of other causes, and (3) to evaluate the potential for recovery of left ventricular function after successful restoration of a dual coronary artery system. Left ventricular mechanics were studied before and serially after surgery in six infants (2 to 13 months old) with ALCA. Fifteen agematched normal subjects and seven age-matched patients with idiopathic congestive cardiomyopathy were also studied for comparison. Preoperatively, the end-diastolic volume in infants with ALCA was about four times larger than normal and did not differ from that in infants with CM; the myocardial volume was also about three times larger than normal, similar to that in the patients with CM. The myocardial volume/end-diastolic volume ratio was extremely low in patients with ALCA and in those with CM. The infants with ALCA did not exhibit specific segmental wall motion abnormalities but rather had global hypokinesis indistinguishable from that in the patients with CM. After successful repair, end-diastolic volume index rapidly decreased, reaching near normal values by 7 to 22 months after surgery, while myocardial volume index decreased at a slower rate, leading to an early phase of "overshoot hypertrophy," but reaching normal values by 7 to 22 months after surgery. The global and regional indexes of left ventricular function improved dramatically by 7 to 22 months after surgery, with the ejection fraction reaching the normal range and nine of the 13 left ventricular segments in short-and long-axis views exhibiting a normal shortening fraction. In conclusion (1) the regional wall motion pattern in infants with ALCA is not diagnostically useful for distinguishing ALCA from other causes of idiopathic congestive cardiomyopathy, (2) as in cardiomyopathy, preoperative left ventricular dysfunction in ALCA is severe and associated with inadequate left ventricular hypertrophy, (3) there is potential for nearly complete recovery of global and regional left ventricular function after successful repair of ALCA in early infancy. Circulation 75, No. 1, 115-123, 1987. ANOMALOUS ORIGIN of the left coronary artery from the pulmonary trunk (ALCA), although an uncommon lesion, remains a diagnostic and therapeutic problem. The diagnosis is difficult to confirm echocardiographically because of the unreliability of visualizing the origin of the coronary arteries.1`3 It has been proposed that left ventricular regional wall motion abFrom the Department of Cardiology, The Children's Hospital, Boston. 
pulmonary artery baffle have been introduced.5 ' 12-17 Nonetheless, the capacity of the left ventricle for recovery after successful surgical repair of this lesion remains uncertain.
This investigation was undertaken to address three major issues. (1) Are there regional wall motion abnormalities in infants with ALCA before repair that are similar to those observed in some adults with coronary artery disease? (2) Is the pattern of regional wall motion diagnostically useful in distinguishing infants with ALCA from those with congestive cardiomyopathy of other causes? (3) What is the potential for recovery of ventricular function after restoration of a dual coronary artery system? Patients and methods Between 1981 and 1985, 11 consecutive patients with ALCA underwent repair with use of an intrapulmonary artery baffle at The Children's Hospital, Boston. Seven patients were less than 18 months of age while the other four were teenagers. Of the seven infants, six underwent two-dimensional echocardiographic examinations 1 to 7 days before surgery and serially after repair (table 1) . These six infants (2 to 13 months old) are the subjects of this report. Follow-up echocardiographic examinations were performed 8 to 15 days (three patients), 2 to 4 months (four patients), and 7 to 22 months (six patients) after surgery. One of the infants had a baffle occlusion proven by routine postoperative catheterization 3 years after surgery. Although he is asymptomatic and his systolic left ventricular function increased significantly (ejection fraction increased from 11% to 3 1%), he was excluded from this study since our purpose was to evaluate the recovery of left ventricular performance after successful repair. Fifteen normal infants matched with the patients with ALCA for the age at the time of each patient evaluation (range 1.4 to 24 months, mean 8.5) and seven similarly age-matched infants (range 2 to 30 months, mean 15) with idiopathic cardiomyopathy were studied for comparison.
Two-dimensional echocardiography. Subxiphoid shortand long-axis views of the left ventricle were obtained with a Diasonics Cardiovue 100 or a ATL Mark 600 with a 5.0 MHz transducer and were recorded on 1/2 inch videocassette tape. The left ventricular endocardial and epicardial borders for an entire cardiac cycle were digitized with a Franklin Quantic 1200 Review Center. The trabeculations and papillary muscles were included in the cavitary volume. Only the end-diastolic and endsystolic frames were hand digitized. The borders of the remaining frames were computer derived with an automatic edgedetection algorithm and subsequent frame-by-frame review and correction. 1 Volume calculations. The intracavitary left ventricular enddiastolic volume was automatically calculated by a 5/6 arealength algorithm with the use of the cross-sectional area of the cavity at the level of the mitral valve and the long-axis length of the left ventricle from the mid aortic anulus to the apex (volume = 5/6 x area x length). The end-diastolic "epicardial" volume was calculated in an analogous manner with the use of the epicardial border of the free wall and the right ventricular endocardium of the interventricular septum. The myocardial volume was then calculated as the epicardial volume minus the intracavitary volume. Since myocardial mass is the product of myocardial volume and a constant (1.05 g/cm3), the terms mass and myocardial volume will be used interchangeably. The end-systolic cavity volume was calculated with the same formula used for end-diastolic volume and the stroke volume was computed as stroke volume = end-diastolic volume -end-systolic volume. The ejection fraction = stroke volume/end-diastolic volume. The end-diastolic, myocardial, and stroke volumes were then adjusted for the body surface area. The ratio between myocardial volume and the intracavitary end-diastolic volume was calculated as the myocardial volume/end-diastolic volume ratio.
Wall stress analysis. Left ventricular wall stress throughout ejection was calculated in one subject by previously described methods.`9 The carotid pulse and the left ventricular echocardiogram, including the endocardial and epicardial borders of the left ventricular posterior wall, were digitized. The carotid pulse tracing was corrected for time delay by aligning the dicrotic notch with the first high-frequency component of the second heart sound. From the digitized data, instantaneous pressure (P), dimension (D), and wall thickness (WT) were derived by averaging five cardiac cycles. Left ventricular wall stress (WS) was calculated by the formula of Grossman et al. 20 WS _ (p)(D) 1.35 4
Regional wall motion analysis. The center of mass of the left ventricular cavity was calculated for each frame of the cardiac cycle. Sixty-four radii of equal arc were drawn outward from the center of mass for each frame to the point of intersection with the endocardial border (figure 1). Then, with the use of end-diastolic and end-systolic frames, the fractional shortening of each individual radius was calculated by dividing the differ- ence between the end-diastolic and end-systolic radii by the enddiastolic radius. The endocardial border was then divided into six segments in short axis and seven in segments in long axis based on anatomic landmarks. The shortening fraction was calculated for each segment by averaging the individual shortening fractions of the radii contained within each segment.
Rotational and translational motion of the heart was corrected by superimposition of the individual centers of mass and alignment of intracardiac anatomic reference points. In the short axis, the reference points for correction were the anterior and posterior insertions of the interventricular septum and for longaxis views, the reference points were the two edges of the aortic anulus and the left ventricular apex.
Statistical analysis. Preoperative and postoperative data from patients with ALCA were compared by use of the t test for paired data. The same test was used to compare the patients with ALCA before and after surgery with their respective agematched counterparts in the normal and cardiomyopathic groups.
The variation in regional wall motion was evaluated within and between groups by unbalanced two-way analysis of variance. A p value < .05 was considered indicative of a statistically significant difference.
Results
Volumes. Before surgery, the mean indexed end-diastolic volume for the patients with ALCA was more than four times larger (268 + 97 m1/m2; p < .001) than that observed in the normal infants (63 17 m1/m2; figure 2), but not significantly different from that observed in the patients with cardiomyopathy (281 + 146 ml/m2). Although the end-diastolic volume did not change significantly by 8 to 15 days after surgery, by 2 to 4 months after surgery the indexed end-diastolic volume was less than half the preoperative value (119 + 53 ml/m2; p < .02) and at the late postoperative study ( Before surgery the myocardial mass/intracavitary volume ratio for the patients with ALCA (0.71 + 0.16) was significantly lower than normal (1.01 0.10; p < .001), but not significantly different from that observed in the patients with congestive cardiomyopathy (0.63 ± 0.11; figure 4). By 2 to 4 months after surgery, the mass/volume ratio (1.35 ± 0.44) was significantly higher than normal (p < .05), reflecting the more rapid reduction in end-diastolic volume compared with myocardial volume. At the late postoperative study (7 to 22 months), the mass/volume ratio in patients with ALCA (1.01 ± 0.14) was not significantly different from normal.
The ejection fraction ( figure 5) figure 6 ). There was uniform reduction in shortening fraction for all segments, with no significant segment-to-segment variation in either long-or short-axis views.
The pattern of regional wall motion in the short and long axis in patients with ALCA before surgery was not statistically different from that observed in the patients with congestive cardiomyopathy (figure 6). Only the midseptal segment in the long axis exhibited a higher mean shortening fraction in patients with ALCA (11 4%) than that observed in those with congestive cardiomyopathy (1 + 4%; p < .01).
By 7 to 22 months after surgery for ALCA, shortening fraction increased in all the segments. In the short axis (figures 7, A, and 8), the segmental shortening fraction was not significantly different from normal for the diaphragmatic, diaphragmatic septal, and anterior septal segments. The three remaining segments exhibited a slightly lower segmental shortening fraction than normal (p < .05). In the long axis ( figure 7, B shortening fraction for the lateral basal segment alone remained significantly below normal. Wall stress. Left ventricular wall stress in one patient (C. A.) was markedly elevated throughout the period of ejection in the preoperative study compared with that in the postoperative state (figure 9) (peak systolic wall stress = 188 g/cm2 preoperatively, 43 g/cm2 postoperatively; end-systolic wall stress 120 g/cm2 preoperatively, 14 g/cm2 postoperatively). The normal value in our laboratory for peak systolic stress in infants is 88 ± 17 g/cm2 and that for end-systolic stress 29 + 6 g/cm2. Therefore, the preoperative wall stress was elevated and the postoperative wall stress was reduced with respect to normal values. 
Discussion
The hypothesis that specific regional wall motion abnormalities could be found in patients with ALCA and that this would provide another tool for diagnosing this disease was not verified. The pattern of global hypokinesis seen in patients with ALCA was similar to that observed in those with idiopathic cardiomyopathy. Furthermore, the disproportionate increase in cavity volume compared with left ventricular myocardial volume was also analogous to that observed in idiopathic cardiomyopathy. reen the right
The major determinants of myocardial oxygen connon from the sumption per gram of tissue are wall stress, heart rate, may be presand contractility, with the latter making only a small contribution.22 As illustrated in this study, preoperatively both systolic wall stress and heart rate are markedly elevated. Thus, in addition to impaired oxygen supply, the myocardium is faced with an elevated )erative demand. Further, wall stress is one of the major determinants of myocardial shortening characteristics.23 Thus, the preoperative systolic dysfunction represents the combined effects of elevated afterload (wall stress) and reduced contractility. Extreme left ventricular dilatation along with severe global depression of left ventricular performance has been previously observed in infants with ALCA. Graham and Jarmakani26 studied one infant whose preoperative end-diastolic volume was 558% of normal, with an ejection fraction of 10%. The mean end-diastolic volume in our study population was 425% of normal and the mean ejection fraction was 22%. Myocardial mass had not previously been studied in patients with ALCA so we were unable to compare our findings with those of others.
Left ventricular volume studies performed after simple ligation of the left coronary artery have shown a significant decrease in this variable in comparison with preoperative values, but not a return of normal volume. Wagner et al.27 found that the left ventricular volume was still 329% of normal 21 months after left coronary artery ligation in one patient and that the ejection fraction was still depressed (19%). The patient studied by Graham and Jarmakani26 was reexamined 5 years after left coronary artery ligation. The left ventricular end-diastolic volume was still 170% of normal, with a mildly depressed ejection fraction of 52%. Our single patient (T. E.) with baffle obstruction is comparable to those who have undergone ligation of the left main coronary artery. In this patient the enddiastolic volume decreased from 768% of normal to 324% of normal, while the ejection fraction increased from 11% to 31%.
In contrast, Tyrell and Bharadwaj28 found that the ejection fraction increased from 39% before surgery to 62% 2 weeks after surgery in a patient with ALCA in whom a dual coronary system was restored. Levitsky et al.`6 also studied one infant before and 7 months after direct implantation of the left coronary artery into the aorta. The ejection fraction increased from 30% to 48%, with a fall in left ventricular end-diastolic pressure from 10 to 7 mm Hg. Methodologic issues. The 5/6 area-length algorithm used for volume calculation may not be accurate for estimation of volume in an extremely dilated left ventricle. However, even if the left ventricle assumed a spherical configuration, the error in volume estimation by this algorithm would be about 30%.
The methods for analysis of regional wall motion have been widely discussed in the literature.29 36 A floating center of mass method, as used in our study, has the advantage of correcting the rotational and translational motion of the heart. The disadvantage, however, is that this method may attenuate the amplitude of localized dysynergy. Preliminary studies performed in our laboratory in normal infants showed that analysis of left ventricular regional wall motion by a fixed-reference method was less reproducible, with more variation between and among segments, as compared with the floating center of mass model. This was not only due to the motion of the heart but also to instability of the video image when examined frame by frame.
The amplitude of left ventricular endocardial motion was expressed as radial shortening fraction rather than area change. Although it has been much debated in the literature, there seems to be no advantage to the use of one method over the other. Both yield equal sensitivity and specificity in the detection of regional wall motion abnormalities by a floating-reference system.30
In conclusion, infants with ALCA generally do not exhibit specific segmental abnormalities, but rather exhibit global left ventricular hypokinesis indistinguishable from that in patients with idiopathic congestive cardiomyopathy. As in cardiomyopathy, preoperative left ventricular dysfunction in ALCA is associated with inadequate hypertrophy, as reflected by an abnormally low mass/volume ratio. After successful intrapulmonary artery baffle repair, there is a rapid reduction in left ventricular volume and dramatic recovery of systolic function.
